Extraction of blood vessel structure is important for improving planning, navigation and tracking in several interventional procedures. Centerline based registration methods have proven to be fast for clinical applications and an effective way of registering multi-modal images. Here, we present a novel blood vessel centerline extraction method in 3D. Our method consists of two parts, namely Multiscale Vessel Enhancement Filtering (MVEF) and Centerline Extraction using Vessel Direction (CEVD). Our proposed MVEF has an improved noise reduction and better Gaussian profile at the vessel cross-sections compared to conventional MVEF. The CEVD is our novel method for tracing the peaks of the Gaussian profile of the local MVEF at the vessel cross-sections. The peak of the Gaussian profile provides the center position of the blood vessels. The novelty of this method is in effectively finding only the connected centerlines of the blood vessels of interest. The proposed method was evaluated using both synthetic and medical images. On comparing with Frangi's vesselness filtering combined with thinning, our method is shown to be approximately 5 times faster. The results also show that our method is customized to detect only the desired blood vessels, thereby eliminating the detection of unwanted vessel-like structures. The centerline accuracy was evaluated by comparing with ground truth data created by finding Hough circle centers at each cross-section of the vessel structure. The modified symmetric Hausdorff distance between our result and the ground truth was approximately 1 pixel for both synthetic and medical images.
INTRODUCTION
The human body contains several different types of blood vessels that constitute a network of arteries and veins. Visualization of these blood vessels is important for improving the planning and navigation in several interventional procedures. It is specifically relevant in catheter based procedures like stent graft positioning and valve replacement and also, in planning and navigation of laparoscopic liver resection. Detailed images of these blood vessels are initially formed using computerized tomographic angiography (CTA) and/or magnetic resonance angiography (MRA) depending on the part of the body and equipment available. These blood vessel contrast enhanced images provide a basis for visualizing the blood vessels in three dimensions, which help the interventionists in planning and navigation during procedures.
The interventional procedures of today are going more towards the use of multiple imaging modalities for improving the safety for the patient and, for improving the operational procedures in general. This increases the need for faster blood vessel visualization and registration between multiple modalities, for applications involving navigation using intraoperative image modalities. Though many different methods are available for registration, centerline based registration methods have proven to be fast enough for clinical applications and an effective way of registering multi-modal images [1, 2, 3, 4] .
Many methods for centerline extraction of blood vessels have been presented in the literature. In them, most of the commonly used techniques depend on extracting centerlines from pre-segmented vascular models. For these cases, the blood vessels are initially segmented through thresholding, model-based approaches or multiscale vessel segmentation [5, 6, 7] . The segmented output is then skeletonised or thinned, ending up with the final centerline [8, 9] . The main disadvantage here is that they are computationally expensive since they must process the whole image space to find a few connected blood vessels.
In this paper, we present a novel semi-automatic seed point based centerline extraction with local vessel enhancement. Our method lets the user select a single or multiple connected blood vessels of interest, thus reducing the potential noise of uninteresting voxels and also reducing the processing time.
The paper is organized as follows. Section 2 describes the methods used, which is divided into two parts, namely Multiscale Vessel Enhancement Filtering (MVEF) and Centerline Extraction using Vessel Direction (CEVD). The results are presented in section 3, where the reduction in processing time and the accuracy obtained are shown. We conclude the paper in section 4 by giving details of possible future work.
METHODS

Multiscale Vessel Enhancement Filtering
Our method is based on the eigenvalue analysis of the Hessian matrix, as described in [6] , [7] and [10] . The filter detects voxels belonging to blood vessel structures, taking into account that arterial blood vessels resemble tubular structures and venal structures resemble ellipsoidal structures. The Hessian H of the image I describes the second-order structure of local intensity variations at each voxel. The derivative computation of the Hessian matrix is combined with Gaussian G(σ) convolution, for a scale σ that varies accordingly to the width of the blood vessel [7] . 
where = ( , , ), ( ; ) = ( ) * ( ), ( ; ) = ( ) * ( ) and so on. This approach measures the contrast between the regions inside and outside the range of scale σ in the direction of the derivative.
In Fig.1 , λ 1 , λ 2 and λ 3 are the eigenvalues corresponding to the eigenvectors v 1 , v 2 and v 3 , computed by Eigen analysis of Hessian. On sorting | | ≤ | | ≤ | |, eigenvalue λ 1 represent the eigenvalue along the direction of the vessel and eigenvalues λ 2 and λ 3 represent the eigenvalues along the vessel cross-section. A tube detection filter was developed using these eigenvalues in [10] .
The tube detection filter output, obtained from the above equation also tends to detect noise voxels with no definite structure. To reduce this noise, we made use of the structureness term described in [6] , which is the Forbenius norm of the Hessian.
Thus, our modified Equation 2 for a single scale is,
where c is a constant which depends on the grey scale range of the initial image [6] .
We found Equation 4 to give exponentially reduced vessel response peak values as the scale is increased. To normalise it, we multiplied Equation 4 with a scale dependent weighting term
where k is a constant set to 0.5, based on initial experiments. The response of the vessel enhancement filter is highest at the scale that best fits the vessel. A multiscale response for detecting vessels of varying width is obtained by selecting the maximum response for a range of scales between σ min and σ max as described in [6] .
Eigen Analysis Vessel Response Eigen Analysis
The Fig.2 . left, describes the final MVEF output at the vessel truck cross-section along eigenvectors of the blood vessel and the Fig.2 . right, describes the final MVEF output at the vessel bifurcation cross-section along eigenvectors of the blood vessel.
Centerline Extraction using Vessel Direction
The centerline extraction method is based on local computation of MVEF explained in section 2.1. The semi-automatic method is based on an initial seed point set by the user in one of the blood vessels. This seed point allows the user to extract just the centerlines of the blood vessels of interest, thus reducing the noise and processing time. The seed point can be placed anywhere inside the desired blood vessel. In a 3D volume around the seed point, Eigen analysis is performed in order to find the eigenvalues λ 1 , λ 2 and λ 3 and their corresponding eigenvectors v 1 , v 2 and v 3 [7] . These eigenvectors represent the three principal directions of curvature of the vessel at the voxel under observation. Applying the MVEF at the voxels with the limit of σ max along a vessel crosssection plane results in a vessel response of which the profile is similar to a Gaussian. The position of the peak of the Gaussian is set as the center point for the vessel cross-section as shown in Fig.3 , right. At the center point, the Eigen 
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The centerlin illustrates the and medical i (7) ) MIP of ted using points. These s robustness to r l d e o outlier points. Table 2 gives the MSHD from our centerlines and centerlines from the Frangi and Lee method to the calculated ground truth. It is shown that both methods have good centerline accuracy for all synthetic images with all MSHD of one or less than one pixel. The difference between the Frangi MSHD and our MSHD is <= 0.1 pixel for the six synthetic images, and 0.4, 12.0 and 39.4 for the medical images. For the first medical image, both methods again have good accuracy with MSHD less than 2 pixels. But for the second and third medical image there is a huge difference in the accuracy, which is consistent with the increase in undesired centerlines detected by the Frangi and Lee method. 
DISCUSSION AND CONCLUSION
In this paper, we have presented a novel semi-automatic seed point based centerline extraction method. Our proposed MVEF has an improved dampening of noise and better Gaussian profile at the vessel cross-sections compared to conventional MVEF [6] . The CEVD is our novel method for tracing the peaks of the Gaussian profile of the local MVEF at the vessel cross-sections. Though processing time for the proposed method was seen to vary with complexity and the scale range of the blood vessel structures, the proposed method was faster than the conventional method at any given variation. The processing time of our method depends mainly on the total number of voxels belonging to blood vessels rather than the size of the whole image.
Furthermore, our method detects only the blood vessels that are connected to the user's seed point. This is in contrast to automatic and global centerline extraction method such as Frangi's vesselness with thinning, which also detects artefacts that look similar to vessel structures such as bones and muscle edges. This will be very helpful in medical applications such as catheter tracking, liver surgery planning etc., where the surgeon or physician would like to focus only on the blood vessels of interest, i.e. most relevant to the procedure. Since our method depends on the blood vessel connectivity, gaps in the blood vessels could cause abrupt termination of centerline extraction.
In the future work, we will investigate the possibilities of further reducing the processing time as well as increasing the robustness of the method when used for complex medical images. This will include automatic detection of blood vessel width, while the centerline is tracked in order to limit the cross-section analysis to be within the blood vessel and to free the user from selecting the different scales of the blood vessels. This will also improve the effective scale selection and therefore, reduce the need of multiscale analysis. Work will also be done on improving the ability of the method to detect and jump across gaps and to further investigate an extension of the centerline extraction method to a fast vessel segmentation procedure.
